The possibility of the direct electron transition between the donor/acceptor level generated by adsorbed molecules and the conduction/valence band for photo-illuminated semiconductortype metal oxide is discussed. The effective wavelength is shifted to a longer wavelength by the formation of donor/acceptor level derived from adsorbed molecule (called here "in situ doping"). This photo-activation mechanism by "in situ doping" gives us attractive ways for the removing the limit of band-gap energy, and the utilization of visible light.
Introduction
Photocatalysis of semiconductor-type metal oxides is generally explained in terms of band theory (the classical electron transfer mechanism) accompanied by the interaction of reactants with the photo-generated electrons and holes, and is potentially available to make the catalytic reaction proceeding at low temperature. Photocatalytic reactions on a powder of semiconductor type metal oxide involves several steps as shown in Scheme 1. Electron transfer between solid and adsorbates is one of the key steps in photocatalysis. The energy transfer excluding the electron transfer clearly discriminates between photocatalysis and photosensitizing reactions. Although it may not be generally accepted, Fox and Chan [1] has proposed that the singlet oxygen species as an active oxygen species over TiO 2 photocatalyst is formed by a couple of consecutive electron transfer reactions;
where e -and h + are the photo-generated electron and hole pair. This is clearly different from the formation of the singlet oxygen by a collision between a dye and a triplet molecular oxygen in photo-sensitizing reaction.
In 1971, Sancier and Morrison [2] found that ESR signals due to O 2 -and lattice defect (hole traps) over UV-illuminated TiO 2 change drastically when illuminated in the presence of quinoline; i. e., the O 2 -signal is enhanced while defect signal disappears. They interpreted the phenomenon that a hole trapped on the defect is transferred to the adsorbed quinoline to form positively charged quinolone Q + and subsequently charge transferred complex Q + -O 2 -is stabilized. Bickley et al. reported the similar phenomenon in the photooxidation of isopropanol over TiO 2 that oxygen photoadsorption is promoted by pre-adsorption of isobutanol on TiO 2 [3] . This shows that isopropanol is oxidized by a photoformed hole and oxygen is reduced by a photoformed electron resulting in the charge transfer via. TiO 2 photocatalyst between adsorbed oxygen and isopropanol. In this connection, Zakharenko et al.
reported [4, 5] that in CO photo-oxidation over ZnO, adsorbed O 2 -is formed by illumination of light with the quantum energy lower than ZnO band gap energy while CO oxidation proceeds only under illumination of light with energy higher than band gap (band-gap-illumination). This phenomenon was also examined by Murphy et al. [6] and they concluded that CO oxidation is dominated by the hole h + which reacts with the lattice oxygen O l 2-resulting in the formation of O l -expressed as follows.
The same phenomenon was observed by Teichner et al. [7] in the photo-oxidation of isobutene over TiO 2 ; i. e., adsorbed O 2 -is formed by illumination of the light with the energy lower than TiO 2 band gap energy while isobutane oxidation proceeds only under band-gap-illumination. Herein, the interesting points are the formation of adsorbed O 2 -radicals by illumination of the light with the lower quantum energy than band gap energy.
Electrons trapped by Ti ions, reduced sites, seems excited to the conduction band and transferred to adsorbed oxygen to form O 2 -. In this case, the reduced sites behave as electron donors. Thus, the photoillumination causes the band gap excitation of semiconductor-type metal oxide as well as direct excitation between donor levels and conduction band.
Here, we would like to pay attention to the direct electron transition between the donor/acceptor level generated by adsorbed molecules and the conduction/valence band and the possibility of this electron transition for photo-illuminated semiconductor-type metal oxide is discussed. The band structure of the metal oxides determines the utilizable light energy, oxidizability, and reducing ability in their photocatalysis. Therefore, a number of studies are related to the control of band structure of metal oxide [8] [9] [10] [11] . Many researchers have been prepared the "pre-doped" or "pre-modified" photocatalysts with metals or ions to control the band structure, in other words, utilize the visible light. For example, N-doped TiO 2 can adsorb the visible light and shows photocatalytic activity under visible light irradiation [12] [13] [14] [15] [16] . On the other hand, there has been no report that the effective wavelength of photo-reaction is shifted to a longer wavelength by the formation of donor/acceptor level derived from adsorbed molecule on the catalyst during a chemical reaction. [17] [18] [19] [20] . This system shows high NO conversion (99%), high N 2 selectivity (> 90%) and resistance for H 2 O and SOx, although the catalyst requires high operating temperature (573−673 K) [21] . Since the NH 3 -SCR system is often located downstream of the de-SOx, de-halogen and dust collection systems to inhibit deactivation of catalyst, the inlet temperature of the exhaust gas in the NH 3 -SCR system falls below 453 K. Consequently, it is necessary to re-heat the catalysis bed and the gas up to the operating temperature of the catalyst. Therefore, it is desired to develop a new de-NOx system working at low temperature (< 453 K).
Since NH 3 is quite stable, the activation of NH 3 seems to be key step in the low-temperature Figure 1 shows the time course of N 2 evolution rate of photo-SCR. NO conversion and N 2 selectivity attained to 100 % and 96 % respectively in the conventional fixed bed flow system (GHSV = 8,000 h -1 ). The N 2 evolution rate gradually increased at the initial stage and reached a steady rate at 1.5 h. However, when the reaction gas (a mixture of NO/NH 3 /O 2 ) was passed in the dark for 0.5 h, and then photo-irradiation was started, the N 2 evolution rate immediately jumped to the level of the steady rate [23, 27] . This clearly indicates that the induction period was the time for saturation of the adsorption equilibrium of the reactant molecule. When NH 3 were passed for 1.5 h in the dark, then the gas was switched to a mixture of NO/O 2 and the photo-irradiation was started, N 2 was evolved. The N 2 evolution rate gradually decreased and the total amount of evolved N 2 was consistent with that of equilibrium adsorption of NH 3 on The adsorbed species and intermediates of photo-SCR were identified by in situ FT/IR spectra ( Fig. 3) . After NH 3 adsorbed on TiO 2 , the bands (1136, 1215, and 1599 cm -1 ) due to adsorbed NH 3 species on Lewis acid site of TiO 2 appeared [37] [38] [39] . The bands at 1599 and 1215 cm -1 retained their intensity after evacuation ( Fig. 3 (b) ) and exposure to NO in the dark (Fig. 3 (c) ). . These new signals were quite stable even after more than 1 hour at 123 K without photo-irradiation. The half-life of charge-separated state of TiO 2 was estimated to be below 100 ps [49, 50] . It is widely thought that the photo-generated electrons and holes are consumed by recombination much more rapidly than by the photocatalytic reaction and the recombination is the main reason of too short lifetime of the charge-separated state and resulting in low activity of TiO 2 . On the other hand, the half-life of NH 2 radical on TiO 2 at reaction temperature of photo-SCR (323 K) was calculated to be 1.4 min [31] . This suggests that the holes were trapped by NH 2 radical and recombination of the photo-generated electrons and holes was inhibited. However, these signals immediately disaapeared by the exposure to NO in the dark whereas the intensity of signals due to Ti 3+ species increased.
Based on these results, we concluded that 1) the photo-generated electron is trapped on Ti 4+ to form Ti 3+ and positive hole is captured by adsorbed NH 3 species to convert to active NH 2 radical, and that 2) NO in the gas phase attacks the NH 2 radical on TiO 2 rapidly. species is excited by photo-irradiation, 3) the excited species (NH 2 radical) reacts with NO in the gas phase to form the nitrosamide species (NH 2 NO), 4) the nitrosamide species is decomposed to N 2 and H 2 O, and 5) Ti 3+ site is re-oxidized by molecular oxygen.
Generation of donor level derived from NH 3 adsorbed on TiO 2
Action spectrum of photo-SCR with NH 3 on TiO 2 ( Fig. 2) indicates that the mechanism of the NH 2 radical formation at wavelength <385 nm is different from that at >385 nm. To reveal whether a new energy level derived from adsorbed NH 3 on TiO 2 is located between the valence band (HOMO) and the conduction band (LUMO) of TiO 2 or not, density functional theory (DFT) calculations were employed [31] . Figure 5 shows the model for dissociative Based on these results, we conclude that the photo-activation of NH 3 containing organic compounds [54] . Several oxidation procedures with stoichiometric, toxic, corrosive and expensive oxidants have been reported [51] [52] [53] [54] [55] [56] [57] [58] . However, a catalytic system using molecular oxygen as a sole oxidant has been desired [55, [59] [60] [61] [62] [63] [64] .
In this respect, photocatalytic oxidation with molecular oxygen has been receiving noticeable attention. TiO 2 has been identified as one example of a practical and useful photocatalysts [65] [66] [67] [68] , and widely used in degradation of organic pollutants in air and water.
However, in the most part of these reports, TiO 2 is used in vapor phase oxidations at high temperature, oxidation of only lower alcohols, and a low selectivity to partial oxidized products due to excess photo-activation of target products which leads to deep oxidation.
Zhao et al. [69, 70] reported that the photooxidation of alcohols on TiO 2 could be dramatically accelerated without any loss of selectivity by adsorption of Brønsted acid and this effect by Brønsted acid results from the decomposition of the relatively stable side-on peroxide promoted by the protons, which effectively clean the catalytic Ti-OH 2 sites.
However, this system requires the use of benzotrifluoride as a solvent. They also reported that photooxidation of amines on TiO 2 under UV irradiation gave a high selectivity to imines under a diluted conditions (e.g. 10 mg of catalyst, 0.1 mmol of amine, and 5 ml of solvent) [71] . Su and co-workers reported that mesoporous graphite carbon nitride (mpg-C 3 N 4 ) can work as effective photocatalysts for the selective oxidations of benzylic alcohols and amines with visible light [72, 73] . Although mpg-C 3 N 4 exhibits excellent catalytic performance under visible light irradiation, high pressure of oxygen (> 0.5 MPa) and benzotrifluoride as a solvent are required to give a good yield. Shiraishi and co-workers reported that TiO 2 partially covered with WO 3 showed activity for the photooxidation of alcohols in water with molecular oxygen under irradiation at λ＞350 nm [74] . In the case of photooxidaiton of benzylalcohol, the selectivity to benzaldehyde reached at 56 % at 50% of alcohol conversion under diluted condition (5 mg of catalysts, 0.1 mmol of benzylalcohol, 5 mL of water as a solvent). were also oxidized to dehydrogenated imines. (entries 9-12). Relative high yields were observed in the oxidations of N-isopropylbenzylamine and dibenzylamine. On the other hand, N-phenyl and N-tert-butyl derivatives were oxidized very slowly. Benzaldehyde was formed as a by-product in the oxidations of these secondary benzylic amines. The formation of benzaldehyde is attributed to the oxidative cleavage of the C-N bond. In addition, a small amount of N-benzylidene benzylamine was also yielded in these cases. This represents an involvement of the C-N bond cleavage, followed by coupling of the fragments.
1,2,3,4-tetrahydroisoquinoline was smoothly converted to mono-dehydrogenated 3,4-dihidroisoquinoline with high yield (entry 13). In contrast, the rate of oxidation of 1,2,3,4-tetrahidroquinoline to aromatized quinoline was much slower than the iso-isomer (entry 14). In this case, a small amount of mono-dehydrogenated 3,4-dihidroquinoline as an intermediate product was also detected. The significant difference of the reaction rate between the tetrahydroquinoline isomers is generally observed in various catalytic systems [73, [80] [81] [82] .
Indole was yielded with moderate selectivity in the oxidation of indoline. The Nb 2 O 5 photocatalyst was reusable and showed the same conversion and selectivity of fresh catalyst without any pretreatment as well as photooxidation of alcohol. The amine oxidations over A broad ESR signal around g = 1.9 was observed at 123 K, when 1-pentanol was adsorbed on Nb 2 O 5 under UV-irradiation. This broad signal at g = 1.9 was assignable to Nb 4+ [86, 87] Figure 11B shows selected frontier orbitals of 1 and 2. The cluster 2 exhibits quite different electronic state from the cluster 1. Particularly with HOMO and HOMO-1 of 2, O 2p orbitals localize on oxygen atom of the methoxy group. The energy levels of HOMO and HOMO-1 are higher than that of HOMO of 1, whereas the energy levels of LUMO and other unoccupied orbitals of 1 and 2 are almost same (Fig. 12) . These results clearly showed that donor levels whose populations are localized on the alkoxide oxygen were generated between the HOMO and LUMO levels of On the basis of these results, we concluded that the photo-oxidation of alcohol over that a rapid dimerization takes place regardless of catalyst and photo-irradiation; the produced primary imine is hydrolyzed to aldehyde and ammonia, followed by condensation of the aldehyde and the primary amine.
Acceptor level generated by adsorbed molecule

Chemical fixation and photocatalytic reduction of carbon dioxide
Carbon dioxide (CO 2 ) is regarded as one of the greenhouse effects gases, that cause the global warming by absorption of the infrared ray and enclose it in air [88] . The relationship between the emission of CO 2 is still under discussions, however, it is certain that the emission of CO 2 should be reduced [89] . Up to now, a number of different ways for the reducing of CO 2 emission including strage in the ground and sea, absorption into various functionalized materials, and large scale forestation has been proposed. On the other hand, the transformation of CO 2 to harmless and/or valuable chemicals seems to be quite attractive way for the reducing of CO 2 emission. However, this is one of the important challenges in chemistry because CO 2 is remarkably stable. Therefore, severe reaction conditions of high pressure and/or high temperature are often required.
On the other hand, in photocatalytic reactions the reaction system in the initial stage is activated to have an additional chemical potential by photoirraidiation. Therefore, photocatalysts often permit the reaction which hardly proceeds under the usual condition.
There are manu studies that have tried to reduce CO 2 under irradiation using several photocatalysts [90] [91] [92] [93] [94] [95] [96] [97] [98] . We found that Rh/TiO 2 , MgO, ZrO 2 and Ga 2 O 3 enable the reduction of CO 2 to proceed at room temperature and ambient pressure [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] . Here, the detail of the photoreduction of CO 2 over MgO and ZrO 2 is described in the following sections. on the intensity of bands due to two bidentate carbonates (Fig. 17) . Both species were detected when a small amount of CO 2 was introduced. Yanagisawa et al. reported that the bands due to species A increased in intensity at 373 K, whereas the bands due to species B disppeaed [111] , indicating that species A adsorbed strongly on MgO than species B. The increase in the absorbance of the bands at 1660 and 1310 cm -1 due to species A stopped after the introduced CO 2 exceeded 66 μmol g-MgO -1 . On the other hand, the band at 1624 cm -1 due to species B increased when a sufficient amount of CO 2 (>66 μmol g-MgO -1 ) was introduced.
Based on these resluts combined with the effect of amount of CO 2 on the CO formation, it is conluded that species A, was reduced to a mere intermediate that was inactive for CO evolution. Above 66 μmol•g-MgO -1 of CO 2 , species B was generated instead of species A. It seems that species B was reduced to a surface-active intermediate that can react with H 2 or CH 4 to produce CO from CO 2 .
Figures 15(b) and 16(b) show the IR spectra of MgO after irradiation in the presence of H 2 or CH 4 . Increase or decrease in intensity and appearance of new bands were observed in the IR spectra in the region of 2900-2700 and 1800-1250 cm -1 . New bands at 2957, 2830, and 2730 cm -1 assigned to a C-H stretching vibration band [112, 113] appeared (the inset in Fig.   6 ). Since surface carbonates have no C-H stretching vibration mode, the appearance of these bands exhibits the formation of a surface species containing a C-H bond. The difference IR spectrum of MgO irradiated in the presence of H 2 was similar to that of formaldehyde species adsorbed on MgO [114] . Therefore, it was concluded that the surface species arising during the photoreaction between CO 2 and H 2 is a surface bidentate formate. On the other hand, the inset in Fig. 16 shows the subtraction of the IR spectrum of adsorbed species on MgO in the presence of CH 4 before photoirradiation ( Fig. 16(a) ) from that after photoirradiation ( Fig.   16(b) ). In the case of using CH 4 as a reductant, new bands in the region of 2900-2700 and 1800-1250 cm -1 were observed in addition to the bands due to bidentate formate. 13 CO was formed. Therefore, CO generated was derived from CO 2 . Therefore, the surface formate does not decompose to yield CO directly, but acts as a reductant and converts another CO 2 molecule to gaseous CO under photoirradiation.
These results are summarized as follows. Both the bidentate carbonates (species A and B)
were generated when CO 2 adsorbed on MgO. The formation of species A took place preferentially until the amount of introduced CO 2 reachedμmol•g-MgO -1 . And then, species B was formed and CO was produced in the gas phase. The CO evolution by the photocatalytic reaction and the heat treatment became constant when the amount of introduced CO 2 exceeded the maximaum amount of chmisorbed CO 2 on MgO (130 μmol•g-MgO -1 ). In conclusion, species A would be connected with only magnesium cation and remain on MgO as an inactive species because there are excessive base sites of MgO. On the other hand, species B, which was adsorbed by the side-on adsorption-type form, is reduced to a surface bidentate formate or a surface bidentate acetate by H 2 or CH 4 . CO does not generate from these species. However, these species act as photoactive species on MgO. 
Coclusions
The direct electron transition between the donor/acceptor level generated by adsorbed molecules and the conduction/valence band for photo-illuminated semiconductor type metal oxide ("in situ doping") is demonstrated.
In the case of photo-SCR over TiO 2 , a new donor level from adsorbed NH 2 species was generated between the valence band (O 2p) and the conduction band (Ti 3d) by the adsorption 3- radical. Anion species (CO 2-and CO 3-radical) was generated by the irradiation with a wavelength longer than 290 nm, which implies that the intrinsic band gap excitation of MgO is not essential in this photoactivation step. The direct electron transfer from HOMO to a new level generated between the valence band and the conduction band levels of MgO by the formation of surface complex (bidentate carbonate-MgO). In this case, a new level derived from surface complex acts as "an acceptor level".
As mentioned above, the direct electron transition between the donor/acceptor level generated by adsorbed molecules and the conduction/valence band for photo-illuminated semiconductor-type metal oxide ("in situ doping") resulsts in a redshift of effective wavelength and "in situ doping" gives us attractive ways for the removing the limit of band gap energy, and the utilization of visible light. 
